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Introduction 25 26
Color is one of the most important visual properties of ornamental and monumental 27 stone. Color changes caused by weathering and decay greatly influence the aesthetic 28 value of stone. Extent of such change can be quantified by contact-type color measuring 29 devices (colorimeters and spectrophotometers [1] [2] [3] [4] [5] [6] ) and analyzed in a device-30 independent color space, such as CIE-XYZ or CIE-L*a*b*. But these devices present 31 some limitations: (1) sometimes is not possible to reach the target object with the 32 instrument, (2) they are more expensive and complex than other non-dedicated color 33 measuring devices (digital cameras, scanners and even mobile-phone cameras) and (3) 34 as the field of view of contact-type color devices is limited, measurement of 35 heterogeneous surfaces produces unrealistic color values. To overcome these 36 limitations, digital cameras can be used because (1) the field of view is only limited by 37 the size of the appropriately illuminated area, (2) contact with the target object is not 38 required, and (3) they encode each point of the entire surface simultaneously, thus 39 quantifying surface characteristics and defects. 40
Digital cameras only detect changes in light intensity, not color. To encode color, they 41 require three different filters in addition to the sensors. These filters usually have 42 spectral bands in the red (R), green (G) and blue (B) regions, and therefore the encoded 43 values are RGB digital values. RGB is a device-dependent color space as the filters and 44 other parameters are specific to individual cameras and can be changed with camera 45 settings such as the spectral exposure level, white balance and the dynamic range. As 46 RGB values cannot be transformed to XYZ or L*a*b* values directly by using a 47 standard formula, a transformation that defines the mapping between RGB digital 48 values and a device independent color space is necessary. This process is known as 49 camera characterization [7] . Several camera characterization techniques have been used 50 with the aim of developing a model (and estimating its parameters) for obtaining 51 L*a*b* color measurements from RGB digital values (e.g. [7] [8] [9] [10] [11] [12] [13] [14] [15] ). In general, these 52 techniques can be divided into two categories: (1) spectral characterization, which 53 measures the three spectral-sensitivity functions for the red-green-blue (RGB) channels 54 and requires a monochromator and a radiance meter [16] ; and (2) colorimetric 55 characterization, which involves mathematical transformations that yield the tristimulus 56 values from the digital values and which require use of a reference target that contains a 57 certain number of color samples. In the present study, we used the latter color target-58 based approach, which only requires a certain number of color samples and is, therefore, 59 a more practical method [7] . We chose target-based characterization procedure 60 described by Hong et al. [7] , which is based on polynomial modeling. This calibration 61 model has been used successfully in nearly two hundred scientific papers with different 62 objectives, e.g., to determine how facial skin coloration affects perceived health of 63 human faces [17, 18] The present study focused on developing a method of RGB digital camera colorimetric 90 characterization for studying stone, specifically granite. The nearly neutral colors of 91 granite yield similar stimulation of the three color channels of the camera (red, green 92 and blue), which makes the task in hand particularly challenging. For the first time, the 93 settings of a digital camera have been adjusted to obtain the camera response closest to 94 that of the reference instrument (spectrophotometer) for granite color measurement 95 using the CIELAB system. The developed method was successfully used to measure the 96 color of granite samples. This is of particular interest in the field of stone conservation, 97 in which innovative non-invasive tools for monitoring the aesthetic changes in stone 98 surfaces are required. 99 2. Experimental 100 2.1.Fine-tuning of the camera calibration method 101 102
The methodology developed for estimating the RGB→L*a*b* transformation consisted 103 of two parts. In the first part, we determined the appropriate settings and working 104 conditions of the acquisition system (camera) and reference instrument 105 (spectrophotometer). In the second part, we selected a large set of Munsell matte and 106 glossy samples corresponding to the previously defined color gamut of granite [31] . The 107 colors of these samples were measured using both devices under the conditions 108 indicated in the first part. The digital images were obtained with the following image 109 acquisition system ( Figure 1 the measurement geometry was 45ºx90º or 45/0, which is very common in 117 industrial applications in order to avoid specular reflection. 118
• Camera lens: Fujinon CF50HA-1, 50 mm focal length, 1", designed to be used 119 with high resolution cameras with images up to 1.5 Megapixels, with manual iris 120 and focus. 121
• Lighting was achieved with Kaiser RB-5004-HF high frequency daylight copy 122 light set with four Oxram Dulux L 36W/954 fluorescent light tubes (41.5 cm in 123 length), with a correlated color temperature of 5400 K (natural daylight) and a 124 color rendering index (R a ) close to 90%. 125
• The room where images were taken was totally dark and a black cloth was 126 placed on the floor under the table used as the sample stand, to minimize 127 background light. 128
• The size of the captured images was 240 pixels (width) by 192 pixels (height). 129
The pixel size was 347 x 375 µm 2 . The images were stored in uncompressed 130 tagged image format files (TIFF). 131
• The camera settings used in the present study are summarized in Figure 2 . The 132 main purpose of this step was to maintain constant any software camera control 133 (white balance, exposure time, gain, etc) to obtain a stable, reliable and 134 reproducible RGB color space, although this would presumably limit the 135 dynamic range of luminance of the camera [33]. 136 137
The lighting level, and its uniformity, is critical for image acquisition, so that the 138 camera can deliver meaningful, repeatable data [34] . Therefore, the lighting map for the 139 reference target needs to be as spatially and temporally uniform as possible. The 140 uniformity of light intensity was tested using a radiometer (DHD 2302.0, HERTER) 141
However, the combination of lens aperture size and exposure time determines the 144 amount of light reaching the CMOS sensor of the camera. Obviously, the signals 145 generated by the CMOS sensor vary with the amount of light reaching CMOS sensor. 146
Therefore, both aperture size (f/4) and exposure time (99.537 ms, milliseconds) were 147 fixed during the period of image acquisition. We also totally occluded the camera-lens 148 aperture for the black reference, and we captured a standard white reference plate for 149 the white reference. 150 151
The camera is capable of both 8-bit depth and 10-bit depth linear data acquisition; both 152 were used in the present study. 8-bit data can hold 2 attention was paid to setting the exposure to avoid any "color clipping" for the white 160 reference, i.e., saturation of one or more of the three RGB channels, obtaining R, G or B 161
values above 255 with 8-bit data and 1023 with 10-bit data [7, 13] . 162 163
The spectrophotometer used was a portable spectrophotometer (Konica Minolta CM-164 700d) equipped with CM-S100w (SpectraMagicTM NX) software. The measuring 165 conditions were illuminant D65, observer 2º and a 3-mm diameter viewing area. 166
Measurements were made in both specular component included (SCI) and specular 167 component excluded (SCE) modes to determine which mode approximates better to the 168 camera vision. The SCI mode, in which the gloss trap of the spectrophotometer is 169 closed, includes the total reflectance (considering both specular and diffuse reflections); 170 the SCE mode, in which the gloss trap is open, includes the diffuse reflectance and 171 excludes most of the specular component and is therefore more sensitive to color 172 differences due to differences in surface roughness [31, 35] . It is generally accepted in 173 the field of color science that the SCE mode approximates the view with the naked eye 174 and the SCI mode is adequate for analyzing the intrinsic color of objects [31, 36] . 175 176
In attempting to adjust the camera settings to make the camera response more similar to 177 the reference-instrument response in the CIELAB system, standard color targets 178 consisting of an assortment of color patches are commonly applied. The Gretag 179
Macbeth color-checker color rendition chart [37] is one of the most commonly used, 180 although it consists of only 24 patches. In some cases, as in the second part of our 181 camera characterization method, a customized characterization target, consisting of a 182 large number of patches, was designed and applied. Thus, a set of samples (212 Munsell  183 color charts, 125 from the glossy and 87 from the matte collection), corresponding to 184 the three-dimensional color area of the CIELAB space, in which the color of the 185 ornamental granites is defined [31] was selected. In each of the 212 color samples, the 186 L*a*b* color values were measured using the portable spectrophotometer under the 187 measuring conditions described above. One reading was taken per sample. An RGB 188 digital image was also taken of each Munsell sample/chip. The digital camera was 189 placed orthogonally to the Munsell sample. 
1). 214

Results and discussion 215
The stability of the light source was evaluated prior to establishing the color 216 measurement protocol for the study. Figure 3 shows the light levels (in millilux = 10 
(1) 230 231 232 Hardeberg [48] . We found that the average total color differences obtained, ranging 281 from 1.9 to 1.1 CIELAB units (Table 2) , are nearly undetectable to the untrained eye. 282
The maximal total color differences, with values ranging from 3.7 to 6.9 CIELAB units, 283 must be considered virtually acceptable for most industrial applications. Furthermore, 284 the color difference formulae based on CIELAB space include three parametric factors, 285 k L , k C and k H , which are correction terms for the variation in experimental conditions. 286
Under reference conditions, these are all set at 1 [32] . However, in the present study, the 287 illumination conditions were not reference conditions and the samples were not 288 homogeneously colored. For textured samples, it is not clear which values should be 289 used for the parametric factors [49] [50] [51] . Considering an increase in the relative 290 contribution of the lightness term (k L parametric factor 2, instead of 1) in the color 291 difference formulae, the maximum value decreased greatly by between 2 and 3 292 CIELAB units, and only reached values of between 3.7 and 3.9 CIELAB units (Table  293 2). So, depending on the used color difference formula, the better setting could be 294 different. However, as it can be observed in the Table 2 , if we adopt the maximal value 295 of the total color differences as the criterion of choice, in all cases except ∆E00 (2:1:1), 296 these differences are lesser when the spectrophotometer on specular component 297 included (SCI) mode and the digital camera with 10-bits data acquisition were used. 298
Likewise, although with other combinations, the average total color differences were 299 slightly lower (maximum 0.4 CIELAB units lower with respect the conditions just 300 cited), in those cases were also achieved the biggest maximal color differences (up to 301 9.5 CIELAB units of difference with respect to the above cited conditions). 302
Consequently and considering the lowest maximal value of the total color differences as 303 the selection criterion, although also comparing its results with the average and 304 maximum values of total color differences, the digital camera 10-bit depth linear data 305 acquisition is the best for our purpose and should be compared with SCI 306 spectrophotometric data. 307 308
In the cultural heritage field, most colorimetric measurements are used to estimate color 309 differences (e.g. [6, 52] ). Therefore, to calibrate a digital camera as a colorimeter for use 310 in this field, it is advisable to explore the discriminatory capacity of the camera and its 311 reliability for measuring small differences between very similar colors. A certain 312 number of color differences between pairs of nearest-neighbor chips were calculated 313 separately by both the camera and the reference instrument, according to the classical 314 CIELAB formula (∆E* ab ) and other color difference formulae based on the CIELAB 315 space (∆E 94 , ∆E 00 and CMC). Comparison of the results obtained with the camera and 316 the reference instrument indicated the discrepancy between the two devices. This 317 discrepancy was used to test the reliability of the camera performance and was 318 compared with the precision and tolerance of the devices (Tables 3 and 4) . More than 319 half of the absolute discrepancies exceed the suprathreshold value for visual 320 discrimination of 0.887 CIELAB units [41] . Nonetheless, the values of the relative 321 discrepancy were very low and although the absolute discrepancy exceeded the 322 uncertainty or precision of both devices, it remained within the camera tolerance (1. The resulting calibration was successfully applied to six commercial varieties of granite, 360 and the differences between data obtained with the reference instrument and with the 361 camera calibrated as colorimeter were no higher than 6 CIELAB units. 362 363
This method, which enables RGB data to be expressed as device independent L*a*b* 364 data, without introducing a noticeable amount of error, is sufficiently adaptable to be 365 transposed to any computer vision system that can produce consistent RGB source data. 366
The method can be used in many industrial applications using textured colored 367 materials and products. Apart from the fact that contact is not required for the color 368 measurement, the other main advantage is the flexibility afforded by the choice of the 369 size of the area to be characterized, which can range from small areas (347 x 375 pixel 370 size µm2) to areas as large as allowed by the lens size. 371 
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